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 Challenge 5: Climbing up Technology and Manufacturing Readiness Levels 
Plan of the talk 
Integrated Computational and Experimental 
Approach towards Design of TPS for 
Hypersonic Application 
 
Framework for understanding physical 
phenomena and its relevance 
CHALLENGE 1   
Integrated Approach to Designing UHTC based Thermal 
protection System 
 
 
 
 Computational efforts required to design an integrated UHTC based 
multi-layered TPS.  
 
 Evolving an framework of computational-experimental approach is 
mandatory to understand some of the science/physics aspect, which 
cannot be experimented in real time.  
 
 Managing deformation and stress within material operating limits, 
requires optimization of critical design parameters.  
 
 Testing of integrated TPS for long duration in hypersonic test facility is a 
challenging task!! (necessity for computational analysis).   
Goal: 
Protect the metallic airframe of hypersonic vehicle from high 
temperature and oxidizing environment 
 
Design objectives: 
 Keep the temperature of metallic airframe within 
metallurgical limits 
 Minimization of interfacial shear stress  
 Selection of materials (high temperature ceramics) 
 
Design constraints: 
Overall thickness/weight of thermal protection system(TPS) 
Design of thermal protection system for  hypersonic vehicle application 
Finite Element based Coupled Thermo-structural analysis 
Pressure and Heat flux  from fluid domain mapped to structural domain 
Finite Element based Coupled Thermo-structural analysis 
Pressure and Heat flux  from fluid domain mapped to structural domain 
Heat Flux Pressure 
Fluid Domain 
Structural Domain 
Design of TPS: Thermo-structural analysis 
Von-Mises Stress 
Maximum Von-Mises Stress in metal: 35 MPa   
Maximum Principal Stress in ZrB2-SiC: 166 MPa   
Maximum Deformation: 0.579 mm 
Stress and deformation contours Spatial variation of temperature 
A Purwar, B Basu, Journal of American Ceramic Society,100:1618-1633, 2017. 
 Capturing spatial and temporal variation of properties of interest can 
be achieved for a wide range of test conditions, albeit, at higher 
computational time. 
 
  Ease of conducting parametric variation and investigating its impact 
on the properties of interest. 
 
 Combining fluid-thermo-structural interaction, explicit dynamics 
based impact analysis under shock loading conditions and so on. 
 
OPPORTUNITIES 
Sintering and Microstructure-Property 
Correlation 
 
Developing dense components with 
homogeneous microstructure, reliable property 
and performance 
CHALLENGE 2   
Key requirement of UHTCs : develop dense components with homogeneous 
microstructure, reliable property and performance.  
 
 Selection of appropriate sinter-aid to facilitate sintering at lower 
temperature with good combination of properties.  
 
 Careful tailoring of sintering parameters to restrict sintering reactions, 
grain growth. 
 
  Improving fracture toughness still remains a major challenge. 
 
 From an application point of view, process scalability is critical for 
fabricating real life components. 
 
 Optimization of process-specific sintering parameters to achieve uniform 
property with limited grain growth. 
Sintering/ microstructure-property related challenges 
Multi-stage spark plasma sintering (SPS) 
ZrB2 – 18 wt.% SiC – x wt.% Ti  (x = 0,5 & 10)  
Role of Ti as sinter additive 
A. Purwar, R. Mukherjee, K. Ravikumar, S. Ariharan,  N.K Gopinath, B. Basu, Journal of the Ceramic Society of Japan 124 [4] 393-402 2016 
Mechanical properties and crack-microstructure interaction 
 Obtaining sharp V-notch with an acute notch  
angle for UHTCs is a significant challenge. 
A. Purwar, R. Mukherjee, K. Ravikumar, S. Ariharan,  N.K Gopinath, B. Basu, Journal of the Ceramic Society of Japan 124 [4] 393-402 2016 
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Single edge V-notch bending moment 
derived fracture toughness
29.5o 
289.7 µm 
  Tabular/elongated (~ 700 nm) as well as 
cuboid shaped (~ 300 nm) ZrB2  
  200 nm SiC uniformly dispersed 
throughout the microstructure 
 TiSi2 phase at the intergranular regions as 
well as at grain boundary triple points 
Finer scale microstructure of ZrB2-18SiC-2.5TiSi2 
SPS parameters of ZrB2-SiC-TiSi2: 
Temperature:  
1200oC-1400oC-1500oC 
Heating rate: 200oC/min         
Time:  
3 min – 5 min – 2 min 
Uniaxial pressure: 30-50 MPa 
N. Gupta, A. Mukhopadhyay, K. Pavani, B. Basu, Materials  Science  and  Engineering  A  534 (2012) 111–  118 
SSS 
Crack Branching 
TSS 
Crack Deflection and 
Branching 
MSS 
Crack Deflection and 
Branching 
Crack deflection/ branching/ debonding leading to better fracture toughness 
Crack-microstructure interaction 
N. Gupta, A. Mukhopadhyay, K. Pavani, B. Basu, Materials  Science  and  Engineering  A  534 (2012) 111–  118 
Ceramic Processing 
Sinter 
density 
 (% th)  
Vickers Hardness  
Hv, GPa 
Fracture 
Toughness 
KIC, MPa.m
1/2  
Reference 
ZrB2 PS, 2150ºC, 540min  98 14.5  4.5* 1 
ZrB2-30MoSi2 PS, 1850ºC, 30min  99.1 16.1 2.3* 2 
ZrB2-20SiC  HP, 2000°C, 60min  98.3 15 4.8* 3 
ZrB2-30SiC HP, 1650°C, 60min 99.4 24 5.3** 4 
ZrB2-30SiC SPS, 1950°C, 15min 98.1 - 3.5** 5 
ZrB2-18SiC-5TiSi2 
SPS, 1600°C, 
10min, 145°C/min 
~100 20.3 5.1* 6 
ZrB2-18SiC-10Ti 
SPS, 1600°C, 
5min, 100°C/min 
~100 29.2 9.0* 7 
ZrB2-18SiC-10Ti 
SPS, 1600°C, 
5min, 100°C/min 
~100 29.2 4.0# 7 
ZrB2-18SiC-20Ti 
SPS, 1500°C, 
5min, 100°C/min 
~100 27.7 3.5* 8 
1. A.L.Chamberlain, W.G.Fahrenholtz and G.E. Hilmas, J.Am.Ceram Soc. 89[2] 450-456(2006).  
2. D.Sciti , S. Guicciardi and A. Bellosi , J.Am. Ceram soc, 89[7] 2320-2322(2006). 
3. X.Zhang, X. Li, J.Han, C.Hong, J.Alloys & Compounds, 465(2007) 506-11. 
4. A.L.Chamberlain, W.G.Fahrenholtz and G.E. Hilmas, J. Am. Ceram. Soc., 87 [6] 1170–1172 (2004). 
5. R. P. Staddleman, MS Thesis,  Univ. Central Florida, 2013. 
6. Gupta, Mukhopadhyay,  Pavani, Bikramjit  Basu, Materials  Science  and  Engineering  A  534 (2012) 111–  118. 
7. A. Purwar, R. Mukherjee, K. Ravikumar, S. Ariharan, N.K Gopinath, B. Basu, Journal of  Japanese Ceramic Society 124 [4] 393-402 2016. 
8. Unpublished data. 
Reliable toughness measurements are needed! 
** Long crack toughness; *short crack toughness; #unpublished, SEVNB   
Performance Qualifying Tests 
 
CHALLENGE 3 
A. Thermo-Oxidative-Structural Stability Assessment 
under Arc Jet Flow. 
 
B. Thermo-Erosive Stability Assessment 
 
C. Shock-Material Response under High Enthalpy 
Hypersonic Conditions 
 
 
Performance qualifying assessment of UHTCs 
 High-temperature environmental functionality of UHTCs lead to a 
significant problem for their testing and evaluation.  
 
 Novel customized high-temperature test rigs need to be designed, with 
robust performance control.  
 
 The wide spectrum of challenges, from densification, to microstructure-
property correlation, to performance qualifying tests is rarely reported, 
for new ceramic compositions in open literature. 
 
Arc jet test is critical towards TPS development and qualification and such tests 
provide  ground-based simulation of hypersonic flight  conditions 
Parameter Test 
Heat Flux (MW/m2) 2.5  
Exposure time (s) 30  
Thermo-oxidative-structural stability (arc jet testing) 
A Purwar, T. Venkateswaran, B Basu, Journal of American Ceramic Society, 2017 (In press, DOI:10.1111/jace.15001)  
Arc jet tested ZrB2-18SiC-20Ti  
 Zr distributed 
uniformly 
 Si, O peak on 
right side 
indicating SiO2 
presence 
 Zr, Ti, Si peak 
on left side 
indicating ZrSi2, 
TiSi2  presence 
 A Purwar, T. Venkateswaran, B Basu, Journal of American Ceramic Society, 2017 (In press, DOI:10.1111/jace.15001) 
Arc jet tested ZrB2-18SiC-10Ti  
 SE Image showing morphology  of exposed  ZrB2-SiC sample sintered at 1400
oC, 
with dendrite formation. 
 Dendritic structure formed due to melting and solidification on surface of 
ceramic, confirmed by both SE and BSE image. 
 BSE image showing compositional contrast, indicates  ZrO2 in the dendrites. 
 Formation of dendrites at  1949 K  is attributed to formation of eutectic, where 
melting occurs at temperature lower than the melting point of ZrO2 (2988 K) and 
SiO2 (1873 K). 
SE Image BSE Image 
A Purwar, T. Venkateswaran, B Basu, Journal of American Ceramic Society, 2017 (In press, DOI:10.1111/jace.15001) 
• Transient thermal analysis to compare temperature time history of arc jet tested 
samples back wall 
• FEM thermal analysis Model validated and accurate/reliable temperature 
measurement for exposed surface predicted 
 
Transient thermal analysis 
FE Model : mesh 
Second order hex elements with mid-side nodes 
 
Grid size selected based on 10 elements in thickness 
direction and 20 elements in radial direction 
• Transient thermal analysis to compare temperature time history of arc jet tested 
samples back wall 
• The modelling considers the thermal conduction as heat transfer mode at the 
interface of ZrB2-SiC sample and phenolic cork holder. The interface is present along 
the circumference and back wall of ZrB2-SiC sample.  
• The displacement of rear face of phenolic cork holder is constrained in all the 
directions  
1657 K 
Transient thermal analysis 
Temperature (K) 
A Purwar, T. Venkateswaran, B Basu, Journal of American Ceramic Society, 2017 (In press, DOI:10.1111/jace.15001) 
Oxidation reactions with thermodynamic feasibility  
1949 K 
1949 K 
Temperature experienced by exposed surface = 1949 K 
ZrB2 + SiC + 2.5O2(g) = ZrC + B2O3 + SiO2 
2ZrB2 + SiC + 3O2(g) = B4C + 2ZrO2 + SiO2 
ZrB2 + 3Ti + 2SiC = TiB2 + 2TiC + ZrSi2 
O2(g) + 2SiC + TiO2 = TiSi2 + 2CO2(g) 
SiC + 2O2(g) = SiO2 + CO2(g) 
Oxidation mechanism 
Simulated temperature 
(in Kelvin) Elemental composition EDS : Zr, Si, Ti, O 
A Purwar, T. Venkateswaran, B Basu, Journal of American Ceramic Society, 2017 (In press, DOI:10.1111/jace.15001) 
Experiments with short pulses to realise high temperature/high pressure: 
 
 
 Similar conditions prevail at leading edge of the re-entry space vehicles 
 
 Under high pressure and temperature, the driven gas can be dissociated to 
atomic or nascent state and thereby, it can induce non-catalytic surface 
oxidation even in short duration 
 
 These experiments can lead to phase transformation of materials 
(amorphous to crystalline and vice versa !) 
 
 A material undergoes superheating and cooling process in a short duration 
under a large temperature gradient 
Relevance of aero-thermodynamics experiment  
Hypersonic and shockwave research facilities at IISc 
Combustion driven HST 5 
• Mach number range: 6-13 
• Reynolds number: 1-2 million/m 
• Total enthalpy upto 10 MJ/kg 
Chemical Shock Tube 1  
• Working temperature: 
     700K-1300K 
• Test time: 0.8ms–1.5ms 
Chemical Shock tube 2 
• Working temperature: 
1000K – 2500K 
• Test time : 1.2ms–1.8ms 
Hypersonic Shock Tunnel 2  
• Mach number range: 5.75-12  
• Reynolds number: 1-2 million/m 
• Total enthalpy upto 5 MJ/kg 
Free piston driven Hypersonic Shock Tunnel 3  
• Mach number range: 6-12  
• Reynolds number: 1-2 million/m 
• Total enthalpy upto 25 MJ/kg 
Hypersonic Shock Tunnel 4  
• Mach number range: 6-15 
• Reynolds number: 1-2 million/m 
• Total enthalpy upto 8 MJ/kg 
Hypersonic test facilities at IISc 
0.3m Hypersonic Wind Tunnel 
• Test section size and shape: Enclosed 
free-jet size of 0.3m dia.  
• Mach number range: Contoured axi-
symmetric nozzle of Mach 
5.4,6.5,7.0,8.35,and 10.2  
• Reynolds number: 3.45x104/m to 
1.05x107/m (based on jet dia)  
• Model incidence range : -10° to +20° 
• Test duration: 30 seconds 
0.5m Hypersonic Wind Tunnel 
• Mach number range: Contoured axi-
symmetric nozzle of Mach 8.0  
• Reynolds number range: 3.45x104/m 
to 1.05x107/m (based on jet dia)  
• Model incidence range : -6° to +24° 
• Test duration: 10 seconds 
High speed wind tunnel complex at IISc 
0.3m HWT 0.5m HWT 
Reservoir 
(18 bar N2) 
Piston  
(20kg) 
Compression tube 
(1 bar He) 
Shock tube 
(0.14 bar O2) 
Aluminum diaphragm  
(3mm, 1/3 groove) 
SS Flange 
ZrB2 Sample 
(ϕ15mm) 
Reservoir 
Compression tube 
Shock tube 
Diaphragm section 
Piston location 
Flange 
Sample -3 
Sample -2 
Shock 
Sample 
Sample -1 
Experimental setup: free piston driven shock tube 
Aluminum Diaphragm 
(before and after rupture) 
20 kg  piston 
Laboratory for Hypersonic and Shock Wave 
Research, Indian Institute of Science 
reservoir
Gas
1. 20 kg Piston
2 .Metal diaphragm
g
3. Sample mounted on end flange
V     V   Valve
101
-
Pp
vacuum
system
P
V
4
V
holding
Piston
V
21
High pressure gas inlet
and   P    pressure
High Speed Data Acquisition System
0 - 345 bar
sensor 
4
  P    Pressure
5
0 - 345 bar
Shock speed
5
7
9 V
Compression Tube1
4
P
P
2 3Shock Tube
Gas inlet / outlet
Inertial mass
V
Pc
5
V
3
6
V
Vacuum pump
V
V
gas inlets V
8
10
Vacuum pump
1
P
Spacer
N
o
z
z
le
End  flange with
feed through
electrical
Free piston driven shock tube with electronic controls 
PS 1 PS 2 
 Shock speed : Mach 7.6 (2500 
m/s) 
 Test time : 1-2 millisecond 
 Incident shock pressure (P2): 
~0.9 bar (experimentally 
measured) 
 Incident shock temperature 
(T2): ~3600 K (estimated) 
 Reflected shock pressure (P5): 
~65 bar (experimentally 
measured) 
 Reflected shock temperature 
(T5) : 7800 K (estimated) 
Experimental conditions 
Typical side-on pressure signal (shock tube end)  
Shock exposed ZrB2-SiC-Ti based ceramics 
ZrB2 – 18 wt.% SiC – 0 wt.% Ti ZrB2 – 18 wt.% SiC – 10 wt.% Ti 
2 μm 
3 μm 
2 μm 
2 μm 
W 
W 
ZrB2 
SiC 
SiC 
ZrO2  
granules 
SiC 
ZrB2 
Combined 
presence of Ti 
with C & Si 
ZrO2  
(a) (b) 
(c) (d) 
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clusters Nucleation sites 
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 High enthalpy long duration exposure of the developed 
ceramics to determine the operation envelop, without 
thermal shock induced failure.  
 
 Transient Conjugate Heat Transfer model to predict the 
temperature distribution and oxide formation in the ceramic 
samples, which cannot be measured in situ with 
conventional methods. 
 
 
 
 Determination of surface catalytic response using 
experimental and molecular dynamics simulation approach 
to understand shock- induced catalytic and surface 
recombination reactions. 
OPPORTUNITIES 
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Machining and Joining of UHTC based 
components 
 
Relevance of component level prototype 
development 
 
CHALLENGE 4  
Machining and joining of UHTC based components 
 
 
 
 SPS/HP techniques produce limited range of shapes, requiring 
expensive machining processes to generate complex engineering 
shapes/components. 
 
 Electrical conductivity of multiphase ceramics is compromised, which 
adversely affects machining operations.  
 
 Metal-ceramic interface (with suitable filler/binder material) need 
thermo-mechanical compliance to withstand thermal stress due to 
differential thermal expansion. 
 
 Evolving robust joining techniques for ceramic-ceramic and metal-
ceramic joints, by addressing interfacial void formation leading to lower 
joint strength in conventional liquid-phase welding. 
Machining of ZrB2-SiC-Ti ceramics using die-sinking EDM 
*Google, generic image 
Blunted leading edges for nose tip, 
wing/fin leading edge 
Machinability of multiphase ceramic composite 
demonstrated, to achieve desired surface finish. 
Proposed joining configurations for ZrB2-SiC-Ti ceramics 
Metal plate 
Ceramic 
ϕ100mm 
Shaping of ceramic to make leading edge 
of fin  
 
 Attaching of ceramic to metallic 
surface, (diffusion bonding). 
  
 Evaluate interface/bonding of ceramic-
metal interface in shock tunnel. 
Integration of ceramic on metallic surface 
for TPS application 
 
 Identification of filler materials for 
making inter-ceramic and ceramic-metal 
joints 
 
 Joining and fabrication of coupon level 
test sample and testing in arc jet facility. 
Metal plate  
(300mmx300mm) 
Filler material  
Large scale flight hardware need to resort to joining 
techniques, particularly due to the ‘brittle nature-
driven’ dimensional constraints of UHTCs.   
Climbing up Technology and 
Manufacturing Readiness Levels 
 
A step towards realizing flight worthiness 
CHALLENGE 5  
Technology and manufacturing readiness level 
 
 
 
 TRL and MRL are required to assess the level of maturity of the ceramic 
technology as applicable to aerospace application.  
 
 Significant challenges encountered, when climbing up the TRL and MRL 
scale: 
 Lack of industrial-scale processing equipment. 
 Need for high power requirements amounting to escalating costs. 
 Unavailable test rigs to simulate all required test conditions.   
 Flight-qualification as a means to obtain design data. 
 
Technology and manufacturing readiness scale 
1 2 3 4 5 6 7 8 9 10 
1 2 3 4 5 6 7 8 9 
R & D Projects Commercialisation 
Industrial  
Engg. 
Manufacturing  
Readiness  
Level 
(MRL) 
Technology  
Readiness  
Level 
(TRL) 
Principles & 
research 
Explore 
applications 
Analytical 
experiment 
Validation & 
requirements 
Design & 
performance 
Model & 
Prototype 
Performance & 
testing 
Test & 
Demonstrate 
Real world 
& launch 
Implications 
& materials 
Identify 
processes 
Proof of 
concept 
Identify 
technology & 
test 
Prototype 
materials, 
tools & 
skills 
Processes 
& detailed 
costs 
Pilot line & 
materials 
Initial 
production 
Three 
sigma in 
place 
Bikramjit Basu and Sourabh Ghosh, Biomaterials for Musculoskeletal Regeneration – Applications, Springer Nature, Singapore, ISBN 978-981-10-3017-8, 2017 
Processing coupon 
samples & 
characterization of 
desired properties 
Performance qualifying 
tests and analysis 
Demonstrating  
component scalability and 
validation in lab 
environment 
Demonstrating near-net 
shaping and testing in 
free jet/semi-free jet 
facilities 
Full scale vehicle airframe 
level testing and 
qualification   
Inflight demonstration in 
hypersonic flying 
laboratory 
ϕ15 mm  
ϕ100 mm  
SPS 
300 mm  
SQ 
TRL 1-2 TRL 3 TRL 4 
TRL 5-6 TRL 7-8 TRL 9 
Technology readiness assessment 
Assessment of manufacturing methods/ processing 
routes and shortfalls 
Analysis of material (ZrB2/SiC/Ti) and process approach 
(Multi stage spark plasma sintering) 
Manufacturing of ϕ15 mm proof-of-concept samples  
Capability establishment to produce  large discs (ϕ100 
mm) and test it. TRL - 4 level to be achieved. 
Establishing manufacturing routines to achieve desired 
shape of the integrated coupons, guided by aero-thermal 
design 
Capability to produce system/subsystem in production 
environment 
Pilot line, low rate and  full rate production (with quality 
control aspects included) 
MRL 1 
MRL 2 
MRL 3 
MRL 4 
MRL 5 
MRL 6-7 
MRL 8-10 
Manufacturing readiness assessment 
  Pre-flight material qualification activities need to be 
undertaken/established. 
 
 Undertaking piggy-back flight experiments on a hypersonic test vehicle, 
to expedite evaluation/ qualification the developed materials in real-time 
flight environment.   
 
 Evolving carefully designed methodology for post-flight recovery of 
material and its characterization. 
OPPORTUNITIES 
HiFIRE 5 Flight carrying piggyback FinEx experiment1  Preflight2 Postflight2 
1. H. Bohrk, S. Lohle, U. Fuchs, H. Elsaber, H. Weihs, 7th Symposium on Aerothermodynamics for Space Vehicles, Brugge, 2011  
2. D. Dolvin,  High Speed Flight Research  Insight Briefing, USAF AFOSR Industry Program Review, 2016 
 UHTC development 
 
SPS 
experiments 
 
 
FPST tests 
 
 
Arc jet tests 
Computational 
analysis 
 
Lab-scale  
experiments 
Microstructure - property 
correlation 
Process scale up  
100 mm ϕ discs 
TPS  
design 
Concept to technology: processing, performance qualifying tests & leading edge design 
  
Flange 
Shock 
Developmental cycle of UHTCs for hypersonic application  
Selection of 
starting ceramic 
composition 
Milling 
Choice of 
Sintering 
Mechanism 
Phase 
Stability 
Measurement 
of Mechanical 
Properties 
Performance 
Qualification 
Assessment (viz. 
Arc jet, Erosion, 
Shock Tube) 
Optimizing 
wt.% of 
constituents 
Optimizing sintering 
parameters viz. 
temperature scheme, 
time and heating rate. 
Monitoring 
sintering reaction 
products 
Minimizing Sintering 
reaction products 
Achieving 
desired 
combination 
of properties 
Optimizing Sinter-aid wt.% 
No 
Yes 
Optimizing 
milling 
parameters viz. 
BPR, media, RPM, 
time. 
Computational 
studies supporting 
experiments 
Large scale 
fabrication 
Design ‘integrated-
TPS’ based on 
computational 
studies optimizing 
design parameters  
Machining of 
large scale 
structure 
(based on 
design) 
Joining of 
ceramic 
structure with 
metal airframe 
Joining of 
ceramic 
structure with 
metal airframe 
Pre-flight 
inspection 
and  
qualification  
Vehicle 
integration 
and 
inspection 
Real time 
flight test 
Post-flight 
analyses 
Final Hypersonic 
vehicle with UHTC 
based integrated TPS 
No 
Yes 
UHTC Development Cycle 
UHTC based integrated TPS design 
Improving design parameters 
